A sequential injection analysis system for the turbidimetric determination of chloride in different types of water is proposed. The determination is based on the reaction of chloride with silver ions and the subsequent measurement of the turbidity caused by silver chloride precipitation. In this method, the use of toxic reagents, such as mercury thiocyanate, commonly employed in most spectrophotometric techniques for chloride determination, is avoided. The main feature of the developed system is the use of a single configuration to carry out the determination over a wide concentration range (2-400 mg L
Introduction
Water is an essential resource that is being threatened by pollution; therefore, the monitoring of water quality has become an issue of vital importance. Some components are under strict regulation as they are dangerous to human health, whilst others are controlled by non-enforceable regulations as they only cause cosmetic or aesthetic effects.
Chloride is an aesthetic contaminant as it imparts a salty taste to water. The concentration of chloride in water is variable and dependent on the chemical composition of water. Normally, ground water has a lower concentration of chloride than surface water. With regard to wastewater, the Cl 2 concentration can be quite elevated due to industrial processes and the high levels of sodium chloride in the diet, which pass unchanged through the digestive system. Automated systems have already been developed for chloride determination using flow injection analysis (FIA), 1 a methodology which presents significant advantages when compared to conventional methods, namely in terms of sampling rate and reagent consumption. Some of these systems involve the reaction between chloride and mercury thiocyanate, with subsequent colorimetric measurement of iron thiocyanate, 2, 3 and therefore require the use of this toxic reagent (mercury thiocyanate), as well as iron nitrate. A less environmentally harmful system has been proposed, 4 based on a turbidimetric determination involving silver nitrate with the formation of silver chloride.
Sequential injection analysis (SIA) 5 has been proposed as an evolution to FIA, and presents a variety of advantages when compared with standard reference methods and flow injection methodologies. Indeed, SIA has the ability to perform different analyses without system reconfiguration and allows additional reagent saving associated with non-continuous consumption. In a simple sequential configuration, sample and reagent solutions are sequentially aspirated to a holding coil, the volumes of the solutions involved being determined by the time of aspiration. Mixing between the sample and reagents occurs during the transport process to the detection system, which involves an inversion of the flow direction. The sequential selection of the various solutions and the subsequent direction to the detector are achieved by the use of a multi-port selection valve. Manifolds for the determination of chloride in water have been developed using either potentiometric 6, 7 or colorimetric 8 (mercury thiocyanate method) detection. The flexibility of SIA makes it an attractive approach for the development of multipurpose systems, with a simple change in the controlling program.
In this work, advantage was taken of this feature to determine chloride over a wide concentration range, which is important for the analysis of different types of water (ground, surface and wastewaters) where the chloride concentration differs significantly. In this way, by simply changing the sample aspiration time, it was possible to determine chloride between 2 and 400 mg L 21 using the turbidimetric method. This method is based on the addition of silver ions to chloride and the subsequent measurement of the turbidity caused by silver chloride precipitation. The novelty of this work involves the determination of chloride over a wide range of concentration, with a single system, which is not possible with flow injection systems. In addition, the developed SIA system allows considerable reagent saving and avoids the use of toxic reagents, such as mercury thiocyanate.
Experimental Reagents and solutions
All solutions were prepared with analytical reagent grade chemicals and deionized water. A 1000 mg L 21 standard chloride stock solution, obtained by dissolution of 0.5 g of previously dried NaCl in 500 mL of water, was used to prepare different ranges of chloride working standards: 2-10 mg L 
Apparatus
Solutions were propelled by a Gilson Minipuls 3 (Villiers-leBel, France) peristaltic pump with a PVC pumping tube, connected to the central channel of an eight-port electrically actuated selection valve (Valco, Houston, USA; VICI C15-3118E). All tubing connecting the different components of the sequential injection system was made of Omnifit (Cambridge, UK) PTFE of 0.8 mm id.
A Hitachi (Tokyo, Japan) 100-40 UV/VIS spectrophotometer (bandwidth, 2 nm), with a Hellma (Mü llheim/Baden, Germany) 178.711-QS flow cell (light path, 10 mm; inner volume, 30 mL), was used as detection system. The wavelength was set at 410 nm. Analytical signals were recorded using a Metrohm (Herisau, Switzerland) E 586 Labograph strip chart recorder.
A 386 personal computer (Samsung, Korea; SD700), equipped with a PCL818L interface card, running homemade software written in QuickBasic 4.5, controlled the selection valve position and the pump rotation sense and speed.
For the reference procedure, a Crison (Barcelona, Spain) micropH 2002 potentiometer, with a Mettler (Switzerland) Toledo chloride electrode and an Orion (Boston, USA) model 90-02 double junction reference electrode, was used.
Sequential injection procedure
The manifold for the turbidimetric determination of Cl 2 in water and the sequence of the solutions in the holding coil are depicted in Fig. 1 . The flow rate was set at 3.30 mL min
21
. The same conditions were used for ground and surface waters, whilst for wastewater a smaller sample volume was used. The sequence of the steps and the timing sequence are shown in Table 1 . The precipitating reagent, nitric acid solution and standard or sample were sequentially aspirated to the holding coil (steps A, B and C, respectively) and then propelled to the detector (step D), where the turbidity caused by AgCl formation was measured at 410 nm.
Reference method
In order to evaluate its accuracy, the results obtained with the proposed SIA system were compared with those obtained by a reference method. 9 The reference procedure was a potentiometric titration with 0.01 mol L 21 AgNO 3 solution as titrant. Different sample volumes were used depending on the type of water being analysed. Thus, volumes of 100, 25 and 10 mL were used for ground, surface and wastewaters, respectively. Before each titration, 1 mL of concentrated HNO 3 was added to the sample.
Results and discussion
Optimization of the sequential injection system A sequential injection system, based on a turbidimetric reaction, for the determination of chloride in ground, surface and wastewaters was developed and optimized. The system was designed and dimensioned to allow chloride determination over a wide concentration range with minimum changes in the controlling program.
Certain physical parameters, such as the flow rate and coil dimensions (diameter, length and coil configuration), were preset. The analytical sequence into the holding coil involved sequential aspiration through the selection valve of the AgNO 3 solution (prepared in PVA and acid), an HNO 3 plug and the sample or standard solution. These zones were then propelled to the detector.
The inclusion of an HNO 3 plug between the AgNO 3 solution and the sample or standard solution was an important feature in this work. This acid plug prevented the procedure becoming susceptible to the presence of certain interfering anionic species. The concentration of this solution was studied up to 2 mol L 21 and it was observed that, at this concentration, the interference arising from basic anions (phosphate, sulfate and carbonate) was fully eliminated. With less acidic conditions, the formation of insoluble species between Ag 1 and basic anions was not completely prevented. With regard to the other anionic species studied (bromide, iodide, thiocyanate and sulfide), it was found that bromide and thiocyanate did not interfere, whilst it was not possible to eliminate the interference from iodide and sulfide anions. This interference was probably due to the competing effect between these anions and chloride for Ag 1 , yielding precipitates much more insoluble than AgCl. The volume of the precipitating reagent (AgNO 3 prepared in PVA and HNO 3 ) was set to 250 mL. Lower volumes did not provide sufficient sensitivity; the influence of the volume on the peak height is shown in Fig. 2 . The composition of the precipitating reagent was studied by varying the concentration of each component separately. Different concentrations of AgNO 3 were tested (2.5, 5.0 and 7.5 mmol L 21 ), and it was observed that the sensitivity increased with increasing concentration. However, from 5 to 7.5 mmol L 21 , the difference was not significant, and so 5 mmol L 21 was chosen as a compromise between sensitivity and reagent saving. The PVA in this reagent acts as a surfactant for AgCl suspension stabilization, potentially influencing repeatability. Different concentrations of this compound were tested (62.5, 125 and 250 mg L 21 ), and it was observed that the repeatability was not affected by a decrease in PVA concentration in this reagent. A PVA concentration of 125 mg L 21 was chosen, as the sensitivity increased up to this level and then decreased slightly. The concentration of nitric acid in this reagent was an important parameter, affecting not only the sensitivity of the determination, but also the baseline stability. Indeed, with increasing nitric acid concentration, the sensitivity increased slightly, but the baseline stability decreased strongly, especially on going from 1.5 to 2 mol L
21
. Thus, 1.5 mol L 21 HNO 3 was chosen.
The influence of the sample volume on the chloride determination was a critical parameter in this work. The aspirated volume has a marked influence on the analytical signal (Fig. 2) , with larger volumes giving rise to higher turbidity values. The aspirated sample volume was studied and selected according to the expected chloride concentration of water, i.e. large volumes for water with low chloride content and small volumes for water with high chloride content. In this way, it was possible to use a single manifold to perform chloride determinations in three different concentration ranges (2-10 mg L 21 , 10-50 mg L 21 and 50-400 mg L 21 ). For each concentration range, the optimization of the sample volume involved the investigation of the influence of this parameter on the sensitivity of the determination. For ground and surface waters, with lower chloride contents, the sample volume was studied in the range 150-200 mL. As the sensitivity of the determination increased significantly up to 175 mL, this volume was chosen. Due to the higher concentrations of chloride normally present in wastewater, the volumes tested for the analysis of this type of water were smaller, namely 10, 15, 20 and 30 mL. A sample volume of 20 mL was selected as it provided good sensitivity within the concentration range 50-400 mg L
. The volume of the HNO 3 plug was also studied and 75 mL was chosen from the tested volumes of 50, 75 and 100 mL. Although the sensitivity increased with decreasing aspirated volume, the repeatability achieved with a volume of 50 mL was poorer than that for larger volumes. The volume of 75 mL was chosen as a compromise between sensitivity and repeatability.
Sartini et al. 4 reported that the addition of chloride to one of the reagents induces supersaturation conditions, increasing the sensitivity of the determination due to the greater extent of formation of AgCl (a phenomenon usually called 'crystal seeding'). Therefore, crystal seeding was also studied by including different chloride concentrations in the acid plug. Nevertheless, it did not prove to be an advantage in terms of either sensitivity or linearity, and was disregarded.
Features of the method
As stated previously in the section on the optimization of the manifold, three different concentration ranges were established for the determination of chloride in each type of water (ground, surface and wastewaters). For each concentration range, typical calibration curves were as follows: (i) .999). The potential interference in the turbidimetric chloride determination from certain species usually found in water was also evaluated. The studied interfering species were those that might lead to precipitation reactions or change the acidity of the medium, leading to the formation of insoluble silver hydroxides under less acidic conditions. Several standard solutions containing chloride at 10 mg L 21 and the interferent species at a defined concentration were evaluated. The results are shown in Table 2 .
The results show that, at the concentration studied, there is no significant interference for almost all of the investigated species. On the other hand, sulfide and iodide strongly interfere in this determination due to the above-mentioned formation of precipitates much more insoluble than AgCl.
The detection limit for chloride determination using the developed flow system was 2 mg L 21 , calculated according to IUPAC 10 recommendations. A complete analytical cycle took about 66 s for ground and surface waters and about 64 s for wastewater. An analytical cycle is the sum of the time needed for each step plus the time necessary for port selection in the selection valve. Thus, based on the time spent per cycle, the sample frequency was 55 determinations per hour for ground and surface waters and 57 determinations per hour for wastewater.
Application to water samples
Several ground, surface and wastewater samples were analysed using the sequential injection system and the reference method. The results of the analyses and the corresponding relative deviations are presented in Table 3 .
To evaluate the accuracy of the developed system, a relation of the type C s~C0 1 SC r (where C s is the sequential injection result and C r is the result of the reference method) was established. The equation parameters and the 95% confidence limits are presented in Table 4 .
These values show that both the slope and correlation coefficient are close to unity, whereas the intercept is close to Fig. 2 The effect of sample and reagent volume on the relative peak height. zero; the statistical analysis of the results for a 95% confidence level 11 shows that there is no statistical difference between the two sets of results.
The repeatability of the sequential injection system was assessed from 10 consecutive injections of six water samples (two ground water, two surface water and two wastewater). The results (mg L
21
) were as follows: 5.77 ¡ 0.06, 7.9 ¡ 0.3, 17.6 ¡ 0.2, 27.2 ¡ 0.3, 248 ¡ 3 and 324 ¡ 6. The corresponding relative standard deviations were lower than 3.7% for ground water, 1.1% for surface water and 1.7% for wastewater ( Table 4) . With the developed SIA system, chloride determination in water was possible over a wide concentration range. Such a wide concentration range enables several types of water (ground, surface and wastewater) to be analysed with a single manifold with minor changes of the operational parameters in the controlling software. These changes involved only a slight modification of the aspiration time of the samples according to the type of water being analysed. From these features, the versatility of this system over flow injection systems already developed for the same determination, where the system has to be physically changed, becomes clear. An interesting approach in SIA to deal with samples with a wide concentration range was proposed by Silva et al., 12 in which an in-line dilution step was performed when required.
With the developed methodology, the overall reagent consumption per determination is quite low: 0.211 mg of AgNO 3 , 3.09 6 10 22 mg of PVA and 33.0 mg of HNO 3 . In addition, the amount of generated effluent per determination is about 2.8 mL.
The presented methodology also proved to be accurate and fast, being an advantageous alternative to the time-consuming reference method, and presenting great possibilities for in-line monitoring of chloride in any process where required. 
